Qualitative and quantitative studies of the pattern of invasive plant development is considered a key aspect in understanding invasiveness. An architectural analysis was therefore performed in order to understand the relationship between shoot architecture and invasiveness in red-osier dogwood, Cornus sericea (Cornaceae). † Methods The structural and ontogenic characteristics of individuals in invading and non-invading populations in the native range of the species were compared to test the implication of developmental plasticity on invasiveness.
INTRODUCTION
Biological invasions are a threat to biodiversity and cause public health problems and major financial losses (Vitousek et al., 1996; Mack et al., 2000; Pimentel et al., 2000; Olden and Poff, 2003) . Although invasive plants are a major problem, little is known of the relative importance of the characteristics of the invading plants, the features of the invaded communities and the landscape context in determining invasion success (Bartuszevige et al., 2006; Theoharides and Dukes, 2007) . Four main phases have been recognized in plant invasions: transport, colonization, establishment and landscape spread (Williamson, 1996; Theoharides and Dukes, 2007) . These phases are determined by an interplay between human activities, abiotic and biotic environmental conditions and the traits of the invasive species itself. Species traits are involved in each of the four phases, and those such as propagule pressure, vegetative reproduction rate, generation time, dispersal and physiological phenotypic plasticity have been studied in depth, but mainly in exotic species that have become invasive after introduction. Few studies have been performed in invasive native species (Goodwin et al., 1999; Schweitzer and Larson, 1999; Chesson, 2000; Kolar and Lodge, 2001; Sakai et al., 2001; Lockwood et al., 2005) . Also, plant structure and developmental pattern are rarely taken into account although they determine ramet type, number, disposal and establishment, i.e. the main parameters conditioning plant spatial competitive abilities (Birnbaum, 1994; Baret et al., 2003a Baret et al., , b, 2004 . Qualitatively and quantitatively studying the pattern of invasive plant development is now considered key in understanding invasiveness (Kolar and Lodge, 2001; Sakai et al., 2001; Chambel et al., 2005) . In this context, several questions remain unanswered: (a) Do invasive plants change their pattern of development when they become invasive? (b) If so, how are these changes modulated throughout ontogeny? (c) What is the influence of the environment on theses changes? (d ) Lastly, what structural properties are involved in invasiveness?
In an attempt to address these questions, we chose to work on shrubs, firstly because they are one of the most invasive life forms on all continents (Archer, 1994) and secondly because their structure is that which has been the least studied. Studies have already been performed in south Québec (Canada), to understand vegetation successions on abandoned farmlands and these shed light on about ten shrub species that spread over pastures and previously cultivated fields (Benjamin et al., 2005) . Although most of these species are indigenous, they are invasive and inhibit plant successions, thus forming monospecific communities (Meilleur et al., 1994; Canham et al., 1998) . The negative impact of these shrub communities has tended to increase with land abandonment over the last few decades (Cogliastro et al., 2006) . The present studies focused on one of these shrub species, the red-osier dogwood (Cornus sericea) which is native to this region. This species is of particular interest for, although it is in an equilibrium in natural wetland habitats (Meilleur and Bouchard, 1989; Richburg et al., 2000) , it becomes invasive after habitat perturbations such as pasturage (Middleton, 2002a, b) , changes in fire frequency (Richburg et al., 2000; Middleton, 2002b) or an increase in soil salt levels subsequent to salt mining (Mustard and Renault, 2004) . It develops monospecific populations of up to 100 000 stems per hectare (Meilleur et al., 1994) and is recognized as one of the main plants that inhibits vegetation succession Véronneau et al., 1998) . The ecological situation in south Québec has been the subject of very considerable study. Numerous authors have analysed the anthropic, biotic and abiotic determinants of vegetation cover on a landscape scale (de Blois et al., 2001 (de Blois et al., , 2002 Cogliastro et al., 2006) and factors implicated in tree colonization on a community scale (Meilleur et al., 1997 Véronneau et al., 1998; Mercier et al., 1999; Paquette et al., 2007) . On an individual scale, we were already in possession of a comprehensive description of adult red-osier dogwood (Meilleur and Bouchard, 1993) but its ontogenesis and variations had never been described. The two behaviours of the red-osier dogwood, which is invasive under an open canopy and in equilibrium under a closed canopy, allow the observation of potential modifications in plant structure and ontogenesis. This approach is used to test the hypothesis of a link between developmental patterns and invasiveness related to differences in light conditions.
A comparative architectural study of red-osier dogwood was conducted in the invasive and non-invasive situations. The architectural analysis defines the nature and relative arrangement of each part of the plant. It reveals, at any given time, the expression of an equilibrium between endogenous growth processes and exogenous constraints exerted by the environment (Edelin, 1977; Barthélémy and Caraglio, 2007) . The study of the plant architecture considers both the properties of the structural elements, their patterns of development and the ontogeny of the plant throughout its whole life.
In this study, the vegetation type and light conditions in the invasive and non-invasive situations are briefly described. Then the red-osier dogwood architecture is analysed qualitatively and quantitatively and its ontogenesis defined in both situations. These ontogeneses were compared for discussions on the structural and ontogenic plasticity of red-osier dogwood. Lastly, conclusions concerning the link between architectural plasticity, light conditions and invasiveness in red-osier dogwood were drawn.
MATERIALS AND METHODS

Plant material
Red-osier dogwood (Cornus sericea L., syn. Cornus stolonifera Michx.; Cornaceae) is a woody, deciduous multi-red-stemmed shrub. It has simple opposite leaves 5 -10 cm long and its white-petal flowers form terminal clusters. They are auto-sterile and pollination is by insects. Seeds are dispersed by birds. Red-osier dogwood is wide-ranging and proliferates in swamps, low meadows, riparian zones, wetlands, floodplains, forest openings and understoreys (Crane, 1989 ). It grows from sea level up to 2500 m a.s.l. and tolerates very low temperatures. Red-osier dogwood occurs from Alaska to Newfoundland, south to Virginia in the east, to Kansas in the Great Plains, to northern Mexico, in the Rocky Mountains, and through California on the West Coast (Crane, 1989) and is reported as being a major environmental risk in ten European countries (Anonymous, 2008) .
Study sites
The study was conducted in the Montreal area (southwestern Québec), a region with a humid continental climate. Annual rainfall is between 940 and 1100 mm (Benjamin et al., 2005; Poulain et al., 2007) and average temperatures are 210 8C in January and 20 . 8 8C in July.
The first site was called 'site I'; it is a shrubland where C. sericea forms dense and massive invasive communities (Meilleur et al., 1994 . It constitutes a right-of-way for electricity power lines in Haut-Saint-Laurent Municipalité Régionale de Comté (MRC) located in the south-western part of the province of Quebec, Canada, between the Saint Lawrence River to the north and the state of New York, USA, to the south (45805'2''N; 74815'9''W). The regional bedrock is mainly composed of Beekmantown dolomite and Postdam sandstone. These moraine deposits are occupied by eluvial brown soils and podzols (Meilleur et al., 1997) . The corridor under the right-of-way was fully cleared in 1977 to a width of 60 m (Mercier et al., 1999) .
The second site was called 'site NI' because of the noninvasive behaviour of C. sericea that fits into the vegetation. Samples at site NI (45859'4''N; 73859'9''W) were taken around Cromwell Lake in a forest which belongs to the University of Montréal Laurentides station, and is located 75 km north of Montreal. The soil here is composed of 1 -5 m of glacial deposits on a granite base. The site is protected with no interventions apart from road maintenance.
Measurement of vegetation status and canopy openness
A rough qualitative and quantitative characterization was made of the vegetation interacting with C. sericea and its light status in order to substantiate our main hypotheses concerning differences in vegetation successional status. The context of the shrub and tree species in the vegetation surrounding the red-osier dogwood was characterized in 12 different samples of 10-m circular quadrats at each site. Quadrats were centred on red-osier dogwood individuals with at least 20 m maintained between them to avoid pseudoreplication. The presence of shrub and tree species and the number of individuals or patches (for shrubs) were documented by species. At both sites, the dominant species ( present in more than one-third of the sites) were documented in order to specify vegetation associations and the proportion of individuals divided into three type classes (conifers, deciduous trees or shrubs). These data were compared with the literature (White, 1965; Légaré et al., 2001; Savage, 2001; Middleton, 2002a) to determine vegetation status. Species were determined using the Flore Laurentienne (Marie-Victorin, 1995) .
Lastly, canopy openness was estimated at both locations over 12 different samples at least 20 m apart. Canopy openness was measured by means of a concave spherical densiometer (Forest Densiometers, Arlington, VA, USA). A study previously conducted in Quebec in different biomes showed that the results obtained by this method were closely correlated with the global light index (A. Paquette et al., University of Montréal, Canada, unpubl. res., 2006) . Similar results have been obtained for other forest types (Comeau et al., 1998; Englund et al., 2000) . Finally a close correlation has been demonstrated between openness measurements taken by hemispherical photographs and the densiometer (Ferment et al., 2001) . Therefore the results obtained by this method were used to discuss the effect of the canopy openness and light conditions on plant growth.
Architectural analysis
General principles. The architectural analysis of C. sericea was performed according to the concepts and methods initiated by Hallé and Oldeman (1970) , Hallé et al. (1978) , modified by Edelin (1984 Edelin ( , 1990 and Barthélémy et al. (1989 Barthélémy et al. ( , 1991 , and more recently revisited by Barthélémy and Caraglio (2007) . The method consists of (a) selecting individuals at various developmental stages from seedling to adult to senescent individuals and (b) qualitatively and quantitatively describing the structure of all stems, in each individual and at each stage of development, in order to identify axis categories which constitute the organism, and to highlight the possible repeated structures within the organism. In a given environment, the species' development pattern is then deduced from a comparison of the architectures shown at each growth stage.
Selection of growth stages. Growth stages are defined a priori on the basis of precise and objective morphological criteria, but which may vary depending on the species studied. Cornus sericea is composed of relays which succeed over time (Meilleur and Bouchard, 1993) . Thus, each stage was defined by the emergence of a new relay. Using this criterion for all individuals provided a rigorous framework for comparison; changes in the rate of expression stages prohibited any comparison of plants with the same absolute ages (Wright and McConnaughay, 2002) .
Plant age. Plant age was estimated a posteriori for each individual by counting the number of growth units (Barthélémy and Caraglio, 2007) . In this species, each growth unit is usually equivalent to 1 year. The age of the oldest individuals, which had lost part of their structures, was estimated by comparison and cross-checking with younger individuals' structures.
Qualitative and quantitative morphological descriptors. To describe plant axes (sensu Barthélémy, 1991) , the morphological descriptors prescribed for the architectural analysis were used with the following diagnostic qualitative descriptors being selected: monopodial or sympodial structure, determinate or indeterminate growth, growth direction ( plagiotropy/orthotropy), symmetry, shape and reiteration ability. Concerning shape, conicity corresponds to a basal/distal difference in diameter of !10 %. Cylindrical-shaped axes were defined when this difference was ,10 %. In order to complete and reinforce the morphological observations, quantitative variables were acquired using the following descriptors: length of growth unit and axes, number of leaves per growth unit, number of growth units by axis and basal diameter. The reported diameter is the mean diameter of axes at the end of their development. Lastly, the results were summarized in the form of architectural tables.
Graphic expression of the results. Each plant was drawn, but in results given below, only the drawing that corresponded to the most representative individual selected is shown, such that its properties are similar to the mean quantitative values for the stage. An interpretative scheme of the representative individual was drawn up to explain its structure. On this scheme only the main structural entities were represented. When an event occurred in several individuals at the same stage, but not in the described individual, this is still noted in the text.
Sampling
At site NI, 47 individuals aged 1 year to about 35 years were described and measured, with all individuals encountered in the area being studied. At site I, 82 individuals aged 1 -30 years were selected in order to obtain at least 30 measures by axis category and described stage.
Statistical analysis
The different axis categories were separated on the basis of their morphological traits, and this was confirmed by nonparametric statistical tests: Kruskal -Wallis test (null hypothesis, H o : no difference between groups) or multiple tests of equal or given proportions (with the same null hypothesis). Multiple comparison tests using Bonferroni correction (or Holm correction for proportions) were performed to indicate grouping of axis types. Non-parametric tests were used because homoscedasticity was not verified. Mean values were used for all measured parameters and in order to detect global differences between axis types, and not only differences due to developmental stages, variables for all ontogenic stages were processed together. Significance of tests was reported as '*' for a P-value ,0 . 05, by '**' for a P-value ,0 . 005 and by '***' for a P-value ,0 . 0005. The same procedure was applied to determine the plastic responses when comparing axis types between the two sites.
Then changes in axis category parameters among successive structural units were studied, firstly using a Kruskal -Wallis test (null hypothesis, H o : no difference between ontogenic stages). If the result was a non-significant difference between the stages, it was concluded that no change had occurred in the parameter. When the result was significant, the effect of the structural unit's rank on the parameters was tested using a non-parametric regression (H o : rank had no effect on the parameter; Bowman and Azzalini, 1997) and the sign of the slope of the regression line reported. If the effect was significant and the slope was positive, it was concluded that the parameter increased among successive structural units. Otherwise, it was concluded that the parameter decreased among successive structural units. Then the changes in the parameters among successive structural units for the two sites were compared using a non-parametric ANCOVA (H o : parallel regression surfaces for parameter values between conditions; Young and Bowman, 1995) . It was concluded that changes were the same when the tests were non-significant and that changes were different when the tests were significant.
RESULTS
Canopy openness and vegetation status
Site I, where red-osier dogwood is invasive, is dominated by shrubs species such as Rhamnus cathartica which was found in 92 % of the quadrats (0 . 92) and Salix discolor (0 . 58). Shrub individuals accounted for 64 . 5 % of the shrub and tree population (Table 1) . This site has a widely open canopy, with on average 90 . 1 % openness.
Site NI, where red-osier dogwood fits into the vegetation, is dominated by coniferous trees such as Picea mariana (0 . 5), Abies balsamea (0 . 42) and Thuja occidentalis (0 . 33), and deciduous trees such as Acer rubrum (0 . 67) and Betula papyrifera (0 . 42). Dominant species also included a shrub which is also usually found in the understorey: Viburnum cassinoides (0 . 58). Conifer trees and deciduous trees accounted for 46 . 5 % and 39 . 4 % of the global population (Table 1) . This site had a closed canopy with on average 27 . 5 % openness.
Canopy openness and vegetation composition in terms of shrubs and trees were significantly different at the two sites (Table 1) . Site I, where red-osier dogwood is invasive, was in a typical early vegetation successional status of disturbed habitats; while site NI, where red-osier dogwood fits in the vegetation, was in a late successional status.
Qualitative architectural analysis Stage 1. At site I, the seedling shows an orthotropic monopodial conical-shaped stem with opposite phyllotaxy and radial symmetry (Fig. 1A) . Its growth is rhythmic with growth units, separated by leaf scars, bearing four or five pairs of leaves. After about 3 years (Fig. 1B) , the stem is 10 cm tall and it dies terminally. Two kinds of branching occur, both 1-year differed:
(1) Lateral branching along the stem which produces ageotropic short shoots located in an acrotonic position on its growth units. These short shoots have only one or two pairs of leaves disposed in a horizontal plane; their diameter is very small, and they prune when they are 1 or 2 years old. (2) Subterminal branching which gives rise to one or two opposite new orthotropic stems with the same structure and development as that from which they are derived. Then, at around the 5th year, the 10-to 12-cm-tall plant is an erected sympodium composed of two or three similar 'modules' (Hallé and Oldeman, 1970) . A module is an axis that has a determinate growth. It is the elementary unit of a sympodium.
At site NI, the seedling ( Fig. 2A ) has the same structure as at site I. It is an orthotropic monopodial conical-shaped stem with opposite phyllotaxy, radial symmetry and rhythmic growth. But, unlike site I, its apex dies without producing subterminal branches; further, after 2 or 3 years, this young plant collapses in its entirety onto the ground.
Stage 2. In this stage, at site I, the plant (Fig. 1C) is a regular dichasial sympodium with three levels of erected acrotonic modules which decrease in size from the base to the periphery. Each module is a small monopodium with a main stem bearing lateral short shoots and dying terminally. When it reaches approx. 15-20 cm tall, the sympodium halts its apical development and constitutes as a whole an acrotonic branching system which will be referred to hereinafter as a 'branched complex' (BC).
Laterally on this branched complex the plant develops a long, thick and fast-growing orthotropic module which grows out of a dormant bud located basically on a growth unit of a basal module of the branched complex. At this stage this long axis is not yet branched.
At the same stage, at site NI, the collapsed axis of the young plant decays almost entirely except for its basis which remains alive. This part bears laterally a fast-growing orthotropic stem generally derived from one of the dormant cotyledonary buds (Fig. 2B ). This basitonic originating axis is the first module of an erected sympodial branched complex composed of orthotropic modules with definite growth, similar to that observed at site I.
Stage 3. At site I, when the plant is about 13 years old, it consists of four branched complexes initiated one after another. The first, derived from the seed and described above, is the smallest. Only its first module is still alive, the others have died and have been naturally pruned away. It bears lateral adventitious roots where the stem is in contact with the soil and acts as a stock for the other branched complexes. Near its base is located the secondly occurred branched complex (BC2). Only two alive modules remain on this sympodium, the others have died and fallen off. Its short shoots have been pruned. The third branched complex (BC3) is a sympodium with three successive series of modules. At the same level on the stock is the 4th branched complex (BC4) which is the newest and largest on the plant. It has four successive series of long modules which are progressively shorter and smaller in diameter. Its modules are small monopodia, which bear short shoots and twigs laterally disposed in an acrotonic position on their growth units (Fig. 1E) . The twigs are orthotropic axes with rhythmic growth and opposite phyllotaxy. They have bilateral symmetry, are smaller in diameter, bear fewer leaves, and are shorter than the stems. They are located near the top of the modules' growth units. The short shoots are similar to those described above. The plant also shows two kinds of recently occurred axes derived from dormant buds located in a basitonic position on the main branched complexes. The first corresponds to a few orthotropic axes that are large in diameter and possess long growth units with numerous internodes. These are the first modules of future branched complexes. The second kind corresponds to short-lived orthotropic axes that are small in diameter and possess short growth units. These often die without branching or sometimes with only one level of small subterminal modules. They are numerous and contribute to increasing the photosynthetic surface of the plant without participating in its edification. They are called 'helpers'. At site NI, the plant is also made up of three branched complexes ( Fig. 2C and D) increasing in size from one to the other and bearing a few helpers. However, the collapse of the stems, which occurs in the first growth stage, partly alters the regularity of this structure. In each branched complex, only the modules in contact with the soil and producing adventitious roots remain alive. Others, which are more or less erected, die and decay in a few years such that only the most recent ones are still present at the periphery of the plant. Further, the development of new branched complexes does not proceed from the base of the whole plant but from the base of the last branched complex. This behaviour leads to the differentiation of a sympodial stoloniferous axis that creeps across the soil. At this stage the stems produce lateral short shoots but no twigs.
Stage 4. At around 25 years old at site I, the plant is approx. 2 . 0 m tall and is composed of a stock supporting three or four branched complexes. The stock includes the base of the module derived from the seed and the base of former branched complexes. Because the whole plant is complex to represent, and because the branched complexes are similar in structure, only the newest and the largest is represented and described (Fig. 1F) . The plant is a sympodium branched up to the 6th order of subterminal modules. Modules are orthotropic monopodia laterally bearing twigs and short shoots. The twigs are rhythmically ramified and laterally bear short shoots in an acrotonic position. At this stage, the plant flowers profusely; inflorescences are terminal on stems, twigs and short shoots. Helpers occur within the entire structure of the branched complexes. This is considered to be the last stage of development because all types of structure are expressed and also because subsequent branched complexes, emitted from the stock, show the same qualitative and quantitative properties as this described branched complex.
At site NI, and around the same age (27 years), the plant is also made up of branched complexes of increasing size but their maximum height is smaller than at site I. There is no single stock but a stoloniferous, sympodial, irregularly forked axis, already mentioned for the previous stage, with several rooting zones mainly located at the junction between horizontal and erected modules. Its oldest part, derived from the seed, shows necrosis, as do all the lateral modules and the short shoots associated with this sympodial creeping axis. It supports one or two erected or semi-erected distal branched complexes derived one from another. The largest one reaches only five orders of subterminal modules with lateral twigs and short shoots. Only some stems and twigs are able to bear inflorescences terminally. Table 2A outlines the qualitative properties of stems, twigs and short shoots for the plants present at both sites.
Quantitative architectural analysis
Axis categories. Quantitative analyses were used to distinguish different axis categories (stem, twig and short shoot) in each module. Then the effectiveness of these differences was verified by statistical tests on the quantitative parameters relative to the axis categories. Results for diameter and length are illustrated in Fig. 3 which shows basal diameters and lengths for growth units on the three axis categories at both sites. All the quantitative and qualitative parameters used to distinguish the axes are given in Table 2B . Multiples comparison tests were used to group the diameter and length distributions. This showed that diameters and lengths for the three axis categories were significantly different at both sites (Fig. 3) . The same approach was used to distinguish the axis categories as based on quantitative parameters, and the results are outlined in Table 2B . They show, at both sites, that stems, twigs and short shoots belonged to different groups, i.e. growth unit length, number of leaves by growth unit, diameter, number of growth units by axis and flowering frequency on the three axis categories were significantly different. Firstly, these results show that, in addition to possessing different qualitative properties, the axes also had significantly different quantitative properties, and, secondly, that the parameters associated with each axis category were organized in a similar manner: all the axis categories showed a decrease in their quantitative parameters from the stem to the short shoots (Table 2B) . Moreover, it appears ( Table 2B ) that distributions of stem parameters were significantly different at site I and site NI, i.e. the stems were thicker, had longer growth units and axes, were composed of a larger number of growth units and bore more leaves at site NI than at site I. Mean diameter was greater at site NI but increased more rapidly at site I; thus, the largest diameter observed was greater at site I than at site NI. Distributions of twigs and short shoots were not significantly different for any quantitative parameters between site I and site NI. The only exception to this concerned the number of leaves borne by twigs; twigs at site NI bore significantly fewer leaves than twigs at site I.
Intrinsic morphogenetic gradients. At both sites, the time-course changes observed in the quantitative properties (diameter, length of growth unit, number of pairs of leaves and number of growth unit by axis) of the different axis categories were studied among successive modules in a branched complex. Then these time-course changes were compared with those Fig. 4 for changes in stem length at site I.
(1) Time-course changes in axis categories properties in branched complexes. A significant decrease in all stem quantitative parameters was observed at both sites (Table 3) for the successive modules on a branched complex (tested on the modules of the 3rd branched complex at site I and the 9th branched complex at site NI to generate sufficient data). At site I, the stem parameters for successive modules were compared from the 3rd to the 1st and 5th branched complexes and showed similar time-course changes ( Table 3 ). The twigs and short shoots on the successive modules within a branched complex (tested on the modules of the 3rd branched complex at site I and the 11th branched complex at site NI) did not show any significant time-course changes in their quantitative parameters at either site (Table 3 ). The parameters relative to the twigs and short shoots on successive modules among the branched complexes were similar at the two sites (tested on the modules of the 3rd and 4th branched complexes at site I and the 11th and 12th branched complexes at site NI). To sum up, the quantitative parameters for stems on successive modules from the base to the periphery of the complexes decreased in value, while the parameters for twigs and short shoots remained constant.
(2) Time-course changes in the properties of axis categories in successive branched complexes. A significant increase was noted at both sites in the quantitative parameters of the stems for the first modules of successive branched complexes (Table 4 ). The only exception to this was at site NI where the diameter of the first modules of successive branched complexes did not change over time. The twigs and short shoots on the first modules of successive branched complexes (tested on the modules of the 3rd and 4th branched complex at site I and the 11th and 12th branched complex at site NI) did not show any significant time-course changes at either site (Table 4) . To sum up, the quantitative parameters of stems on the first modules increased from the first to the last complexes while the quantitative parameters of twigs and short shoots remained constant.
Then tests were carried out to see whether changes in quantitative parameters of the stems, for the first modules of 'Parallelism' tests whether changes in quantitative parameters are the same by comparing the 3rd BC with the 1st and the 5th BC for stems at site I, the 3rd BC to the 4th BC for twigs and short shoots at site I and the 11th BC to the 12th BC for twigs and short shoots at site NI. Significant differences are indicated: * P , 0 . 05; ** P ,0 . 005; *** P , 0 . 0005. successive branched complexes, are the same or not between site I and site NI (see Fig. 5 for slowing of ontogenesis ¼ 1). It was found that length, diameter and number of leaf pairs increased significantly faster (at 10 % level of significance) when plants grew under an open canopy than under a closed canopy; while the number of growth units by stem was unaffected by canopy openness.
Following on from this the aim was to quantify the slowing of ontogenesis (changes of stem quantitative parameters from one branched complex to another) from site I to site NI. For both parameters, the ontogenesis of site I was artificially slowed down from 1-(no slowing) to 5-fold (the ontogenesis of plants growing under an open canopy is slowed 5-fold) and this slowed ontogenesis compared with the real ontogenesis at site NI (Fig. 5) . It appeared that from one complex to another, length increased approx. 1 . 7 times faster, diameter increased approx. 2 . 2 times faster and the number of leaves increased approx. 2 . 5 times faster when plants grew under an open rather than a closed canopy. By considering these three variables together, it was possible to approximate the effective slowing of ontogenesis and this corresponds to the range of slowing for which the three variables are not significantly different in sites I and NI. Considering these three variables together, ontogenesis was 2 . 1-to 2 . 6-fold slower in plants growing under a closed canopy compared with an open canopy.
Number of axes by branched complex. Plants under an open canopy possessed branched complexes that bore significantly more axes than those under a closed canopy (Wilcoxon test; H o ¼ equality of their distribution; P-value ¼ 0 . 0019). At both sites, the number of axes borne by branched complexes increased by means of exponential growth from one complex to another (Fig. 6) . The ratio of the slopes of the linear regressions was calculated after log transformation (for site I, R 2 ¼ 0 . 7505; for site NI, R 2 ¼ 0 . 7927) in order to specify to what degree the increase was more rapid under an open canopy than under a closed canopy. The result was that the 
DISCUSSION
Red-osier dogwood architecture
The comparison of the qualitative and quantitative results given by the architectural analysis of C. sericea between the successive ontogenic stages allows the species ontogenesis to be outlined. It implies three main events:
(1) The setting up of an acrotonic and sympodial branched complex (BC) composed of monopodial modules with three axis categories: the stem, which is a long, thick, long-lived and adventitious root-bearing exploration axis; twigs and short shoots, both of which are thin and shortlived exploitation axes (Johnson and Lakso, 1986; Lauri and Kelner, 2001 ) (2) The repetition of these branched complexes by delayed basitonic branching, with a progressive increase in their size and complexity (module number, length, diameter, branching, etc.) up to a stabilization phase (3) The formation of helpers, which are small, short-lived modules with delayed development from a dormant bud, occurring randomly in space and time. These complement plant architecture by adding small branched complexes on the different parts of the organism during the senescence phase of branched complexes. These helpers correspond to the epicormic branches described by Nicolini et al. (2003) in beech trees.
However, even if this general pattern is always observed, ontogenic modality expressions vary with the plant's environment. Under an open canopy (Fig. 7) , all the modules have a vertical growth direction which results in the edification of vertical branched complexes. A single stock is set up from the axis derived from the seed and from the juxtaposition of the basal part of successive branched complexes. The upper part of the oldest branched complexes dies and undergoes necrosis. This necrosis is accompanied by the emission of helpers on the first modules of the branched complex, extending its lifespan. The branched complex rapidly increases in size and this generates highly branched structures. Flowering occurs approx. 10 years after germination and becomes abundant by rapidly spreading to all axis category apices.
Under a closed canopy (Fig. 7) , the branched complexes collapse and thereafter are composed of two parts: (1) a horizontal part made up of one or two modules, which roots and lengthens considerably; (2) a vertical part made up of all the other modules.
The succession of branched complexes is generated from dormant buds of collapsed modules. This gives rise to creeping sympodial, stoloniferous axes whose oldest parts die and disappear. Simultaneous development of several branched complexes can periodically form forks that allow the plant to occupy a broad surface area. The initial stock formed by the axis derived from the seed is rapidly replaced by secondary stocks, set up from adventitious rooting zones, in particular at the junction between horizontal and vertical modules. The helpers can scarcely occur close to these stocks. The branched complexes very slowly increase in size and lead to poorly branched structures. Flowering occurs first on 15 year-old-plants but is sparse and restricted to few axes.
Considerations concerning the shrub form of Cornus sericea
This architectural analysis confirmed that C. sericea is an authentic shrub as defined by Troll (1937) and Rauh (1938) . In fact, it is a lignified plant constructed of axes that succeed one another by basitonic branching. Throughout this succession, the axes which are initially small and have a short lifespan grow larger and more branched, until a stabilization phase is reached. This growth pattern has been called 'establishment growth' by Tomlinson and Esler (1973) . However C. sericea has the particularity of expressing two distinct shrub forms depending on its environment. Under an open canopy, it is a tree-like shrub (Troll, 1937; Rauh, 1939; Küppers, 1989) . This term refers to a plant with stems, derived from basitonic branching, which show individual acrotonic behaviour, establishing erect or partially inclined, large branched complexes. Species frequently cited are Sambucus nigra, Coryllus avellana, and several species of Prunus and Rhamnus. When C. sericea grows under this form, each element of its vegetative structure is an orthotropic branched complex constructed by subterminal and sympodial branching similar to plants in Leeuwenberg's architectural model (Hallé et al., 1978) . These branched complexes can reach 2 . 70 m in height (White, 1965) .
Under a closed canopy, C. sericea is a stoloniferous shrub. By this term, Rauh (1938) refers to plants that have axes with a more or less long plagiotropic proximal part and an erect distal part, frequently acrotonic. Axes succeed by basitonic branching at the curvature zone between the proximal and the distal parts. Cited species of this shrub form include Symphoricarpus racemosus, Euonymus europaeus and Cornus suecica (Rauh, 1938) . In the understorey, C. sericea conforms to this shrub form: every stolon is a collapsed axis corresponding to one of the modules of a branched complex. Erect parts of the plant are not derived from curvature zones but are orthotropic sub-parts of the branched complexes. Under this form, C. sericea rarely exceeds 1 m in height.
This expression of two shrub forms shows that this species is endowed with very considerable phenotypic plasticity. Although a genetic study of C. sericea populations was not performed, it is hypothesized that the populations at the two study sites are genetically homogeneous and that the differences observed can be explained by phenotypic plasticity. This hypothesis is based on the observation that the plants have similar leaves and flowers. Some general observations, not shown in the results, provide evidence that differences lie on plastic responses to its environment. First, it was observed that when individuals in the forest understorey reached fully sunlit areas, they switched to their typical development in an open habitat. Likewise, in open-canopy situations, the individuals least exposed to sunlight showed a creeping behaviour.
Variations induced by environment
Phenotypic plasticity occurs at the two structural units or levels of organizations (Barthélémy, 1991; Barthélémy and Caraglio, 2007) : modules and branched complexes. It was noted that many biotic and abiotic factors varied at the two study sites which may explain the shape changes. However, it is believed that the light environment was essentially responsible for the main differences observed in C. sericea behaviour. First, the variations observed at the module scale match the results obtained in eco-physiological studies of shade-induced reactions. For example, King (1998) showed that shade induced a horizontal growth direction of axes in a study of 58 rain forest species. Child et al. (1981) linked the lengthening of modules of Chenopodium album to vegetational shade. Huber and Stuefer (1997) also demonstrated that the stoloniferous herb Potentilla repens produces significantly fewer branches when shaded. In their review of shade-induced variations, Smith and Whitelam (1997) included these above-mentioned variations in the 'shade avoidance syndrome' and explain that they are induced by the qualitative and quantitative properties of light. In the understorey, these modifications are due to a decrease in light intensity, a horizontal light direction (Matsuzaki et al., 2007) and a low red : far red ratio (Miner et al., 2005; Valladares et al., 2007) .
On the other hand, it was observed in C. sericea, considered on the whole plant scale, that ontogenesis was slowed in the understorey. In their study on Araucaria araucana, Grosfeld et al. (1999) showed that a slowing of ontogenesis is a response to shade. Lastly, the development of large, vertical structures composed of numerous modules as observed in red-osier dogwood growing at man-disturbed sites, has similarly been described in three shrubby species of Viburnum spp. by Picket and Kempf (1980) who linked this behaviour to a response to a high-light environment. It may therefore be concluded that the two different forms of behaviour in C. sericea are effectively induced by the plant's light environment.
Architectural strategies and implications for invasiveness
The results show that the level of organization is modulated by the light environment, and, by considering all these modifications together, it is possible to define two architectural strategies (Fig. 8) .
The first architectural strategy is expressed under an open canopy, and lies on extensive spatial occupation and flowering. Extensive spatial occupation is achieved by the setting up of vertical, highly developed structures. According to Meilleur et al. (1994) , these properties of red-osier dogwood prevent neighbouring tree species from germinating and developing. A study on Microstegium vimineum (Claridge and Franklin, 2002) also established a link between competitive abilities and investments in spatial occupation structures. Under an open canopy, the second trait that allows red-osier dogwood to be a strong competitor is the rapid rate of its establishment growth (2 . 1-2 . 6 times faster than in the understorey). In fact in a disturbed environment, light competition between species rapidly increases (Valladares et al., 2003) , such that the best competitor is the one which first emits its efficient structures of spatial occupation (Bazzaz, 1979; Schlichting and Smith, 2002; Valladares et al., 2007) . Miner et al. (2005) emphasized the role played by the speed of growth by underlining that the population can only survive if individual responses are faster than environmental changes. As seen before, red-osier dogwood under an open canopy sets up a dense crown but with low lateral development. The setting up of highly branched structures is accompanied by high-flowering frequency. The plant spreads in the landscape only because of its abundant flowering that is .5 times higher than in understorey. It is believed that all these properties, expressed in invaded sites, are responsible for the observed invasive behaviour of red-osier dogwood (Meilleur et al., 1994 Véronneau et al., 1998; Richburg et al., 2000; Middleton, 2002a, b) .
The second architectural strategy expressed under a closed canopy lies on shade avoidance and survival. Plants emit long and horizontal axes that root and give rise to many stocks. This allows the plant to achieve great lateral exploration. As in the crown of a tree, the branching occurs preferentially in the more exposed areas to sunlight (Takenaka, 1994) . At the same time, the vertical structures set up show little development (number of modules and branching) and produce few inflorescences. In this manner the plant sets up low-cost vertical structures and develops horizontal structures so that it can migrate to a more favourable area. This architectural strategy may be considered as a waiting status (Heuret et al., 2000) until opening occurs and the plant can express its full developmental potential. Individuals were observed that switched their development from this understorey architectural strategy to the open canopy strategy at the interface between closed and open canopy stands. Moreover, this hypothesis is consistent with the fact that C. sericea is known as a species well adapted to invading cleared areas after water-level fluctuations (Hudon et al., 2006) . Here, the expression of the two functions of developmental plasticity were observed: in favourable environmental conditions, plasticity allows the plant to maximize its capacities while, in unfavourable environmental conditions, plasticity allows the plant to survive (Novoplansky, 2002) . In this manner, the plant can survive in a great variety of habitats and invades disturbed habitats (Sultan, 2003 (Sultan, , 2004 .
CONCLUSIONS
The architectures of invasive and non-invasive red-osier dogwood were compared to distinguish species invariant characteristics from traits expressed when the plant becomes invasive. Concerning species invariant characteristics, C. sericea is a modular plant which expresses two levels of organization associated with their morphogenetic gradient: the module and the branched complex. These two levels of organization associated with their morphogenetic gradient underline the importance of ontogenesis in the variations noted for the qualitative and quantitative properties of plant parts. The results confirm that this ontogenic effect must be described and considered if the effect of phenotypic plasticity is to be evaluated (Diggle, 2002; Wright and McConnaughay, 2002; Young et al., 2005; Guédon et al., 2007) . Although the developmental sequence in C. sericea is similar in invasive and non-invasive plants, this sequence is highly modulated by the light environment. Plastic responses in different ways concern the different scales of the plant and highlight the necessity to study the plant simultaneously at the internode, growth unit, axis and whole plant scales (Barnola, 1970; Barthélémy and Caraglio, 2007) . Architectural analysis is a pertinent method for studying and summarizing ontogenetic variations at different plant scales. These variations determine two architectural strategies. Non-invasive red-osier dogwood prefers a slow, lateral manner of development. This is a waiting status, allowing the plant to reach a more favourable environment. Invasive red-osier dogwood rapidly expresses vertical, highly developed structures that produce many inflorescences and exclude other species. This strategy prevents or slows vegetation succession. This study should be strengthened by further analyses: (a) by field experiments on the link between competition and architectural strategy; (b) a genetic study of invasive and noninvasive plants; and (c) an extension of this study to other invasive shrubs that employ varied architectural manners of development in order to understand plant invasion processes.
